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Promoter mappingCitrus leaf blotch virus has a single-stranded positive-sense genomic RNA (gRNA) of 8747 nt organized in
three open reading frames (ORFs). The ORF1, encoding a polyprotein involved in replication, is translated
directly from the gRNA, whereas ORFs encoding the movement (MP) and coat (CP) proteins are expressed
via 3' coterminal subgenomic RNAs (sgRNAs). We characterized the minimal promoter region critical for the
CP-sgRNA expression in infected cells by deletion analyses using Agrobacterium-mediated infection of
Nicotiana benthamiana plants. The minimal CP-sgRNA promoter was mapped between nucleotides −67
and +50 nt around the transcription start site. Surprisingly, larger deletions in the region between the CP-
sgRNA transcription start site and the CP translation initiation codon resulted in increased CP-sgRNA
accumulation, suggesting that this sequence could modulate the CP-sgRNA transcription. Site-speciﬁc
mutational analysis of the transcription start site revealed that the +1 guanylate and the +2 adenylate are
important for CP-sgRNA synthesis.stigaciones Agrarias, Centro de
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RNA viruses use a variety of strategies for expression and
regulation of their genes including genome segmentation, polyprotein
processing, translational frameshifting, readthrough of stop codons,
internal ribosomal entry or subgenomic RNA (sgRNA) synthesis. This
latter strategy is used by most positive-stranded RNA viruses for
expression of 3' proximal genes of their polycistronic genomes (Miller
and Koev, 2000). Several models have been proposed for the synthesis
of 3' co-terminal sgRNAs. In viruses like Bromemosaic virus (BMV) and
Turnip crinkle virus (TCV) sgRNAs are generated by internal initiation
of transcription on a minus strand template of the genomic RNA
(gRNA) (Miller et al., 1985; Wang and Simon, 1997). In others like
corona- and arteriviruses sgRNAs are synthesized by discontinuous
leader-primed transcription from the minus strand of the gRNA
(Hussain et al., 2005; Pasternak et al., 2006; Sawicki and Sawicki,
1998; Sola et al., 2005). Studies on Red clover necrotic mosaic virus
(RCNMV) suggest a third mechanism involving premature termina-
tion of the minus strand of the gRNA while the polymerase is copyingthe positive strand, and subsequent use of these truncated minus
strands as templates for sgRNA transcription (Sit et al., 1998). This
latter mechanism has also been proposed in other viruses (Gowda
et al., 2001; Lin et al., 2007; Smits et al., 2005).
The sgRNA promoters, located in the minus strand of the gRNA
play an important role in sgRNA synthesis. During this process, the
promoter sequence is recognized by the viral RNA-dependent RNA
polymerase (RdRp). The cis-acting sequences regulating expression of
the 3'-proximal genes range from about 20 nucleotides (nt) (Johnson
et al., 2003; Levis et al., 1990) to over 100 nt (Grdzelishvili et al., 2000;
Koev andMiller, 2000). These sequences are usually located upstream
or encompass only a few nucleotides downstream of the transcription
start site. However, the sgRNA promoters of Beet necrotic yellow vein
virus (BNYVV) and those of the sgRNAs 2 and 3 of Barley yellow dwarf
virus (BYDV) are located primarily downstream the transcription start
site (Balmori et al., 1993; Koev and Miller, 2000).
Citrus leaf blotch virus (CLBV), the type member of the putative
genus Citrivirus, family Flexiviridae (Adams et al., 2005; Martelli et al.,
2007), has ﬁlamentous virions about 960×14 nm in size composed of
a single-stranded, positive-sense gRNA of 8747 nt and a 41-kDa coat
protein (CP) (Galipienso et al., 2001; Vives et al., 2001). The CLBVgRNA
has three open reading frames (ORFs) and two untranslated regions
(UTR) of 73 and 541 nt at its 5' and 3' ends, respectively. The ORF1
encoding a ~227-kDa polyprotein with the viral replication com-
ponents methyl-transferase, AlkB-like, Out-like peptidase, papain-
like protease, helicase and RdRp, is translated from the gRNA. ORF
2, encoding a ~40-kDaproteinwith amotif characteristic of cell-to-cell
361Á. Renovell et al. / Virology 406 (2010) 360–369movement proteins (MP) of the 30 K superfamily, and ORF3, encoding
the CP, are translated from two 3' co-terminal sgRNAs (MP-sgRNA and
CP-sgRNA, respectively) (Fig. 1A) (Vives et al., 2001; 2002).
Recently, we have developed a cDNA clone of the full-length CLBV
gRNA (pBIN35SRbz-CLBV, here named CLBV-IC clone), that is able to
produce systemic infection in agro-inﬁltrated herbaceous and citrus
host plants (Vives et al., 2008). This clone contains cDNA of the CLBV
genome under the control of a duplicated 35 S promoter of the
Cauliﬂower mosaic virus (CaMV), followed by the Hepatitis delta virus
ribozyme and the nopaline synthase terminator (Nos-t). To build up
an effective viral vector for expressing or silencing genes in citrus
plants based on the CLBV genome, it is necessary to understand the
mechanism used by CLBV to regulate sgRNA transcription. In this
work we delimited boundaries of the CP-sgRNA promoter in its
natural context by deletion experiments on the CLBV-IC clone and
agro-inoculation of mutated constructs in Nicotiana benthamiana
plants. We also investigated by site-directed mutagenesis analysis the
importance for transcription activity of individual nucleotides in a
conserved motif located at the CP-sgRNA transcription start site
(Vives et al., 2002).
Results
Development of an efﬁcient genetic system based on agro-inoculation of
N. benthamiana plants with a cDNA clone of the CLBV genome
The sgRNA promoters of positive-stranded RNA viruses are located
in the negative strand of the gRNA, but for our convenience we used
numbering in terms of the positive sequence. Thus, wewill refer to the
5' terminal nucleotide of the positive sgRNA strand as the +1 nt.
Analysis of the putative cis-acting elements involved in sgRNA
production generally requires extensive nucleotide deletions and
mutations. In most viruses the cis-acting sequences that regulate
expression of sgRNAs are located upstream of their transcription start
site (Miller and Koev, 2000). The 5' end of the CLBV MP-sgRNA has
beenmapped to a guanidine (G) residue at position 5839 of the gRNA,
124 nt upstream of the stop codon of ORF 1 (Vives et al., 2002).Fig. 1. Accumulation time course of CLBV gRNA and sgRNAs in agro-inﬁltrated N. benthamian
co-terminal subgenomic RNAs (MP-sgRNA and CP-sgRNA). Boxes represent the predicted
location of the functional domains in ORF 1 (MT, methyl-transferase; PRO, protease; HEL, heli
movement protein) and 3 (CP, coat protein) are indicated in the boxes. (B) Northern-blot a
CLBV-IC clone (IC) or with the M1mutant containing a premature stop codon inMP gene, at 5
riboprobe speciﬁc for the CLBV CP gene. Arrowheads indicate positions of the CLBV gRNA aTherefore we considered that the promoter sequence of the MP-
sgRNA was probably located within the RdRp domains (nts 5066–
5752 of the CLBV gRNA) and that deletions in this region could
prevent virus replication. However, the 5' end of the CP-sgRNA has
been mapped at position 6831 of the CLBV gRNA within the MP ORF
(Vives et al., 2002), which probably is not essential for virus
replication. For this reason and because the CP-sgRNA accumulates
in infected tissues more than the MP-sgRNA, we mapped the
promoter of this sgRNA in its natural context.
Mapping plant virus promoters in vivo has been currently
performed using protoplast transfection. However, this system
could not be used to map sgRNA promoters of CLBV because
inoculation of mesophyll protoplasts of N. occidentalis, N. benthamiana
or Etrog citron (Citrus medica L.) with virions or RNA transcripts of
CLBV yielded small amounts of viral gRNA and sgRNAs only at 5 days
post-inoculation (dpi), a period close to the protoplast survival limit
(Vives et al., 2008). Because agro-inoculation of N. benthamiana leaves
with the CLBV-IC clone consistently resulted in detectable accumu-
lation of gRNA and the two sgRNAs in the agro-inﬁltrated leaves
(Vives et al., 2008), we thought that delivery of viral replicons would
result in high number of infected cells, regardless the ability of CLBV to
move from cell to cell and at long distance. To assess if the MP was
necessary for viral RNA accumulation in agro-inﬁltrated leaves we
assayedmutantM1 that has a stop codon at amino acid (aa) 118 of the
MP due to substitution of nucleotides TGA for GAA at positions 6313–
6315 of the CLBV gRNA. N. benthamiana leaves were inﬁltrated with
Agrobacterium tumefaciens cultures carrying recombinant binary
vectors with the mutant M1 or the wild type CLBV-IC clone. Total
nucleic acids from agro-inﬁltrated leaves were analyzed at 5, 7, 9, 12,
19 and 25 dpi by northern blot hybridization using positive- and
negative-stranded DIG riboprobes of the CP gene (Fig. 1B). The
negative riboprobe hybridized with the gRNA and the two 3' co-
terminal sgRNAs, whereas no hybridization signal was observed with
the positive riboprobe, indicating that the plus RNA strand accumu-
lates to a much higher level than the minus strand in infected tissues
(data not shown). Additional bands whose size did not correspond to
any predictable viral RNA species were also observed, but theira leaves. (A) Schematic representation of the CLBV genomic RNA (gRNA) and the two 3'
open reading frames (ORFs) and solid wide lines represent untranslated regions. The
case; RdRp, RNA-dependent RNA polymerase) and the proteins encoded by ORFs 2 (MP,
nalysis of total RNA extracts from leaves agro-inﬁltrated with the infectious wild type
, 7, 9, 12 and 19 days post-inoculation (dpi). Themembrane was hybridized with a DIG-
nd sgRNAs. Ethidium bromide staining of 5 s rRNA was used as loading control.
362 Á. Renovell et al. / Virology 406 (2010) 360–369intensity was variable in different extracts from the same plant and
they were considered RNA degradation products. The time-course of
viral RNA accumulation was different in plants agro-inoculated with
the M1 mutant or with the CLBV-IC wild type (Fig. 1B). Leaves agro-
inﬁltrated with either construct showed similar viral RNA level at
5 dpi, but while in leaves agro-inﬁltrated with CLBV-IC viral RNA
increased until at least 25 dpi, the amount of viral RNA in leaves agro-
inﬁltrated with M1 remained essentially stable until 12 dpi, and at
19 dpi or longer times slightly decreased possibly due to leaf
senescence. These results suggest that in leaves agro-inﬁltrated with
M1 viral RNA accumulation was restricted to agro-inoculated cells,
whereas in leaves agro-inﬁltrated with CLBV-IC virions were able to
move and viral RNAs also accumulated in adjacent cells. RT-PCR and
northern blot analyses of upper non-inoculated leaves at 30 dpi
showed systemic CLBV infection in all plants agro-inoculated with
CLBV-IC, but not in those inoculated with the M1 mutant (data not
shown), further supporting inability of this mutant to move from the
initially infected cells. We concluded that even if cell-to-cell and long
distance movement of the virus were impaired, agro-inﬁltration of N.
benthamiana leaves with mutant constructs affecting MP expression
could be an appropriate genetic system for mapping in vivo the CP-
sgRNA promoter of CLBV.Fig. 2. Delineation of the 5' boundary of the CP-sgRNA promoter of CLBV. (A) Schematic rep
boxes indicate the MP ORF and white boxes the CP ORF; wide black lines, the intergenic re
transcription start site of the CP-sgRNA (+1); empty arrowhead, the start codon of the CP
parenthesis indicate nucleotide positions with reference to the CP-sgRNA transcription start
agro-inﬁltrated with the wild type CLBV-IC clone or with mutants M1 through M7 at 12 dpi
gRNA and sgRNAs. Ethidium bromide staining of 5 s rRNA was used as loading control.Mapping the boundaries of the CP-sgRNA promoter
The MP and CP genes are separated by a 64-nt UTR (Fig. 2A) in the
gRNA of CLBV (Vives et al., 2001). The 5' end (+1) of the CP-sgRNA has
been mapped to a guanidine residue at position 6831 in the positive-
stranded gRNA, 284 nt upstream of the start codon of the CP gene (nt
7115) and 220 nt upstream of the stop codon of MP gene (Vives et al.,
2002). Tomap the5' boundaryof theCP-sgRNApromoter,weconstructed
a series of mutants on the CLBV-IC clone with increasing deletions
upstream of the CP-sgRNA transcription start site. Deletions spanned
nucleotides −520 (from the transcription start site) to −202 (mutant
M2), −112 (M3), −67 (M4), −22 (M5) and +1 (M6) (Fig. 2A). These
mutants were agro-inoculated in N. benthamiana leaves and their ability
to replicate and produce CP-sgRNA in comparison with mutant M1 and
with thewild type CLBV-IC clonewas examined. Northern blot analysis of
viral RNAs in agro-inﬁltrated leaves at 12 dpi using a DIG riboprobe
speciﬁc for the positive strand of the CP gene revealed the presence of CP-
sgRNA in plants agro-inﬁltratedwithmutantsM2,M3 andM4, but not in
those agro-inﬁltrated with mutants M5 and M6 (Fig. 2B). These two
mutants did not produce detectable levels of CP-sgRNA even in
overloaded lanes (data not shown). These results suggest that the 5'
boundary of the core CP-sgRNA promoter was located betweenresentation of deletion mutants M2 through M7 derived from the CLBV-IC clone. Grey
gion between MP and CP ORFs; dotted lines, deleted sequences; black arrowhead, the
gene. The numbers indicate nucleotide positions in the CLBV genome and numbers in
site (+1). (B) Northern-blot analysis of total RNA extracts from N. benthamiana leaves
. The membrane was hybridized as in Fig. 1. Arrowheads indicate positions of the CLBV
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However, the amount of CP-sgRNA relative to gRNA or MP-sgRNA
producedbymutantsM2,M3andM4was lower than thoseofmutantM1
or CLBV-IC. This reduced CP-sgRNA accumulation might be due to an
enhancer effect of the sequence between positions−520 and−202 or to
reduced stability of viral RNAs due to large deletions within theMP gene.
To explore this hypothesis, the 318-nt fragment between positions−520
to−202 was added to mutant M4 to generate the mutant M7 (Fig. 2A).
The CP-sgRNA accumulation of mutants M7 and M4 was similar,
indicating that reduced CP-sgRNA accumulation in mutants M1-M4
was not due to deletion of the fragment between positions −520
and−202 (Fig. 2B).
Since reduced CP-sgRNA accumulation inmutantsM2, M3, M4 and
M7, or abolishment in mutants M5 and M6, was accompanied by low
level of gRNA in comparisonwith thewild type orwith theM1mutant
(Fig. 2B), we postulated that CP might be required for viral
accumulation in infected cells. To test this hypothesis we generated
mutant M8 with a premature stop codon at the second amino acid of
the CP by substituting nucleotides TGA for AAA at positions 7118–
7120 in the CLBV gRNA. Northern blot analysis with the DIG riboprobe
complementary to the positive strand of the CP gene at 5, 7, 9, 12, 19
and 25 dpi showed slight accumulation of gRNA and MP- and CP-
sgRNAs until 9 dpi to later decrease and become undetectable by
19 dpi (Fig. 3). These results suggest that, although mutant M8 is able
to replicate and transcribe the two sgRNAs, CP is necessary for viral
RNA accumulation, perhaps by protecting it from degradation derived
from post-transcriptional RNA silencing.
To determine whether sequences located downstream of the
transcription start site are part of the CP-sgRNA promoter, we
generated a new series of mutants with increasing deletions between
the CP translation start codon (nt +284) (Vives et al., 2002) and the
transcription start site of the CP-sgRNA. Deletions spanned nucleo-
tides +284 to +169 (M9), +113 (M10), +50 (M11), and +8 (M12)
(Fig. 4A). These mutants were agro-inoculated in N. benthamiana
leaves and their ability to replicate and to produce CP-sgRNA in
comparison with mutant M1 and with the wild type CLBV-IC clone
was examined at 12 dpi by northern blot analysis with the DIG
riboprobe complementary to the positive strand of the CP gene
(Fig. 4B). All mutants except M12 replicated to similar level than M1,
and induced CP-sgRNA synthesis, indicating that a portion of the
downstream sequence adjacent to the transcription start site
(between 8 and 50 nt) is necessary to promote detectable transcrip-
tion levels of this sgRNA. Interestingly, while mutant M9 accumulated
as much CP-sgRNA as mutant M1, larger deletions in mutants M10
and M11 resulted in increased CP-sgRNA accumulation (Fig. 4B),Fig. 3. Accumulation time course of CLBV gRNA and sgRNAs in N. benthamiana leaves agro
premature stop codon in the CP gene. Total RNA was extracted at 5, 7, 9, 12 and 19 dpi and a
CLBV gRNA and sgRNAs. Ethidium bromide staining of 5 s rRNA was used as loading controindicating that the region between nucleotides+169 and+50would
be an inhibitory sequence modulating CP-sgRNA transcription.
To further conﬁrm previous results we engineered mutant M4
(Fig. 2B) to produce a new group of mutants (M13 to M16), that
contained a constant 5' terminus (−67) and different 3' termini
(+169, +113, +50, and +8, respectively) (Fig. 5A). Northern blot
analysis of total RNA from agro-inﬁltrated N. benthamiana leaves at
12 dpi using the same riboprobe as above revealed that i) gRNA
accumulation of mutants M13 to M15 was similar to that observed
with mutant M4 (Fig. 2B) conﬁrming that sequence deletions
between positions +169 and +50 did not affect gRNA replication,
ii) as observed with mutant M12, the mutant M16 (also carrying a
deletion between positions +284 and +8) did not accumulate CP-
sgRNA, and iii) larger deletions downstream of the transcription start
site slightly increased CP-sgRNA accumulation, but this increase was
less evident than in mutants M10 and M11 (Fig. 5B).
Overall the minimal region sufﬁcient to promote CP-sgRNA
transcription was estimated in 117 nucleotides or less and it was
mapped between nucleotides −67 to +50 around the transcription
start site.
Examination of the predicted secondary structure of minimum
energy of these 117 nt and variable ﬂanking regions from the negative
strand of the CLBV gRNA usingMFOLD program (Mathews et al., 1999;
Zuker, 2003) did not identify any conserved motif. Similar examina-
tion of regions surrounding the MP-sgRNA start site did not reveal
either conserved elements of secondary structure suggestive of
recognition sites for the CLBV RdRp.
Mutational analysis of the conserved transcription initiation motif
The sequence GAAAAGwas found at the 5' end of the gRNA and the
two 3' co-terminal sgRNAs of CLBV (Vives et al., 2001, 2002). To assess
the role of this conserved sequence in CP-sgRNA synthesis, site
directed mutagenesis was used to substitute or delete individual
nucleotides.
We mutated the +1 nt of the CP-sgRNA transcription start site in
the CLBV-IC clone from G to either A, C or T, to obtain mutants M17,
M18 and M19, respectively (Fig. 6A). These mutations did not affect
the amino acid sequence of the MP protein. The M17-M19 mutants
were agro-inoculated inN. benthamiana leaves and examined for their
ability to replicate and produce sgRNAs in comparison with the CLBV-
IC clone and the M1mutant. Northern blot hybridization with the DIG
riboprobe speciﬁc to the CP gene showed that all substitutions of
the +1 nt produced a remarkable reduction in CP-sgRNA accumula-
tion (Fig. 6B), as expected from previous identiﬁcation of this position-inﬁltrated with the wild type CLBV-IC clone (IC) or with the M8 mutant containing a
nalyzed by northern blot hybridization as in Fig 1. Arrowheads indicate positions of the
l.
Fig. 4. Delineation of the 3' boundary of the CP-sgRNA promoter of CLBV. (A) Schematic representation of deletion mutants M9 through M12 derived from the CLBV-IC clone. Grey
boxes indicate the MP ORF and white boxes the CP ORF; wide black lines, the intergenic region between the MP and the CP ORFs; dotted lines, deleted sequences; black arrowhead,
the transcription start site of the CP-sgRNA; empty arrowhead, the start codon of the CP gene. The numbers indicate nucleotide positions in the CLBV genome and numbers in
parenthesis indicate nucleotide positions with reference to the CP-sgRNA transcription start site (+1). (B) Northern blot analysis of total RNA from N. benthamiana leaves agro-
inﬁltrated with the wild type CLBV-IC clone or with the mutants M1, or M9 through M12 at 12 dpi. The membrane was hybridized as in Fig. 1. Arrowheads indicate positions of the
CLBV gRNA and sgRNAs. Ethidium bromide staining of 5 s rRNA was used as loading control.
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substitution of G, C or T for the +2 A to generate mutants M20, M21
and M22, respectively, (Fig. 6A) also reduced CP-sgRNA accumulation
(Fig. 6B). The amount of gRNA and sgRNAs in leaves agro-inﬁltrated
with mutants M17 through M22 was similar to that found in leaves
agro-inﬁltrated with mutant M8, with a premature stop codon in the
CP gene, thus conﬁrming that the presence of CP is required for viral
RNA accumulation in infected cells.
Deletion of one A residue of the hexanucleotide GAAAAG (mutant
M23) (Fig. 6A) did not produce changes in CP-sgRNA accumulation in
comparison with mutant M1, indicating that this nucleotide is not
essential for RdRp recognition. Deletion introduced in mutant M23
produced a frameshift in the MP ORF, and gRNA accumulation in
leaves agro-inﬁltrated with this mutant or with M1, carrying a
premature stop codon in theMP gene, was similar. Since none of these
mutants produced a systemic infection in N. benthamiana and viral
RNA accumulation in leaves agro-inﬁltrated with either mutant was
lower than in leaves agro-inﬁltrated with the wild type CLBV-IC clone
(Fig. 6B), we concluded that the carboxy-terminal region of the MP
protein must be essential for cell-to-cell and long distance movement
during CLBV infection.
Substitution of nucleotides A, C or T for the +6 G to generate
mutants M24, M25 and M26 (Fig. 6A), changed the arginine residue at
position 292 in the MP to lysine, threonine and isoleucine, respectively.
Plants agro-inoculated with either of these mutants became systemi-
cally infected, and viral gRNA and sgRNA accumulation in agro-
inﬁltrated leaves was similar to that found in leaves agro-inﬁltratedwith the wild type CLBV-IC clone (Fig. 6b), indicating that this amino
acid residue is not essential for MP functionality. Overall these results
indicate that the presence of G and A in the ﬁrst and second positions of
the conserved GAAAAGmotif are necessary for CLBV RdRp recognition,
whereas the presence of four adenine residues or G at +6 position are
dispensable.
Discussion
Infection of plant protoplasts with RNA transcripts produced in
vitro from infectious viral cDNA clones has been a useful tool to study
sequence requirements for sgRNA synthesis of many plant viruses in
vivo (Ayllón et al., 2003, 2004; Grdzelishvili et al., 2000; Li and Wong,
2006; Lin et al., 2007). However, this system could not be used with
CLBV due to low viral RNA accumulation in N. benthamiana
protoplasts transfected with infectious viral RNA transcripts (Vives
et al., 2008). In this work the CP-sgRNA promoter of CLBV has been
delineated using Agrobacterium-mediated inoculation of N. benthami-
ana leaves. This procedure is simpler and cheaper than protoplast
transfection because it does not require preparation of mesophyll
protoplasts and RNA transcripts. Additionally, while N. benthamiana
protoplasts usually decay in ﬁve days agro-inﬁltrated leaves allow a
longer period to assess viral RNA accumulation, which may be critical
for slow replicating viruses like CLBV.
The CP-sgRNA promoter of CLBV has been mapped using deletion
and site directed mutagenesis analyses. This promoter was analyzed
in its natural context since the transcription start site is located within
Fig. 5. Delineation of the 5' and 3' boundaries of the CP-sgRNA core promoter of CLBV. (A) Schematic representation of deletion mutants M13 throughM16 derived from the CLBV-IC
clone. Grey boxes indicate the MP ORF and white boxes the CP ORF; wide black lines, the intergenic region between the MP and the CP ORFs; dotted lines, deleted sequences; black
arrowhead, transcription start site of the CP-sgRNA; empty arrowhead, the start codon of the CP gene. The numbers indicate nucleotide positions in the CLBV genome and numbers in
parenthesis indicate nucleotide position with reference to the CP-sgRNA transcription start site. (B) Northern blot analysis of total RNA from N. benthamiana leaves agro-inﬁltrated
with the wild type CLBV-IC clone or with themutants M1, or M13 throughM16 at 12 dpi. The membrane was hybridized as in Fig. 1. Arrowheads indicate positions of the CLBV gRNA
and sgRNAs. Ethidium bromide staining of 5 s rRNA was used as loading control.
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of the gRNA synthesis. Indeed mutant M1, containing a premature
stop codon in the aa position 118 of the MP, was unable to
systemically infect N. benthamiana plants but it consistently accumu-
lated detectable amounts of viral gRNA and sgRNAs in agro-inﬁltrated
leaves, even if this accumulation was lower than in leaves agro-
inﬁltrated with the wild type CLBV-IC clone, likely due to loss of cell-
to-cell movement in M1. These results indicate that the protein
encoded by ORF 2 is responsible for the CLBV cell-to-cell and long
distance movement, conﬁrming previous predictions based on amino
acid comparisons (Vives et al., 2001).
While mutants with a non-functional MP seemed to accumulate
normal amounts of viral RNA in the infected cells, viral RNA
accumulation dramatically decreased in plants agro-inoculated with
CLBV mutants in which the CP protein was not functional or the CP-
sgRNA synthesis was reduced by mutation of its promoter. Similar
reduction in viral RNA level, likely due to failure to get this RNA
encapsidated and protected from degradation by plant nucleases, has
also been observed in protoplasts infected with TCV in which the CP
was disrupted in comparison with those infected with the wild type
virus (Wang and Simon, 1997).
The GAAAAG motif found at the 5' end of the CP-sgRNA, is also
present at 5' ends of the gRNA and the MP-sgRNA (Vives et al., 2001;
2002). Mutation of G (+1), previously identiﬁed as the transcription
start site (Vives et al., 2002), to either A, C or T signiﬁcantly decreased
CP-sgRNA accumulation, indicating that this G residue plays an
important role in recognition by the CLBV RdRp to start CP-sgRNAtranscription. This result supports previous suggestion that mutagen-
esis of the ﬁrst nucleotide with loss of transcription could be a tool for
conﬁrming the transcription start site detected by other methods
(Grdzelishvili et al., 2000). This ﬁrst nucleotide was also G in Alfalfa
mosaic virus (AMV) (van der Kuyl et al., 1990; van der Vossen et al.,
1995), BYDV (Koev and Miller, 2000), Beet black scorch virus (BBSV)
(Yuang et al., 2006), BMV (French and Ahlquist, 1998), Hibiscus
clorotic ringspot virus (HCRSV) (Li and Wong, 2006), Tobacco mosaic
virus (TMV) (Grdzelishvili et al., 2000), and TCV (Wang and Simon,
1997; Wang et al., 1999). Mutagenesis of the transcription start site
also provides a clue on the mechanism of sgRNA synthesis. In viruses
that produce their sgRNAs by internal promotion, mutation of
nucleotide +1 prevents or greatly decreases the plus strand sgRNA
synthesis in vivo and in vitro (Adkins et al., 1998; Grdzelishvili et al.,
2000; Koev and Miller, 2000). In these viruses, although small
amounts of negative-stranded sgRNA can be found, they are not
thought to be a template for plus strand sgRNA synthesis (Miller and
Koev, 2000). Contrastingly, in viruses that produce their sgRNAs by a
premature termination mechanism (Tavazza et al., 1994; Ray and
White, 1999), modiﬁcation of the nucleotide +1 inhibits accumula-
tion of the plus strand sgRNA without affecting the minus strand
synthesis (Price et al., 2000). Negative-stranded gRNA and sgRNAs of
CLBV could not be detected in total RNA extracts and mutation of the
transcription start site greatly decreased CP-sgRNA accumulation,
suggesting that sgRNA transcription in CLBV follows the mechanism
of alphaviruses, in which the minus gRNA strand is used as template
for internal initiation of sgRNA synthesis, yielding messenger RNAs
Fig. 6.Mutational analysis of the conserved hexanucleotide at the transcription start site of the CLBV CP-sgRNA. (A) Nucleotide sequences ﬂanking the CP-sgRNA transcription start
site in the wild type CLBV-IC clone and in mutants M17 trough M26. Underlined sequence indicates the conserved hexanucleotide. Black arrowhead indicates the transcription start
site of the CP-sgRNA. Mutated nucleotides are in bold (Δ, deleted nucleotide). (B) Northern-blot analysis of total RNA extracts from N. benthamiana leaves agro-inﬁltrated with the
wild type CLBV-IC clone or with mutants M1, M8 or M17 through M26, at 12 dpi. The membrane was hybridized as in Fig. 1. Arrowheads indicate positions of the CLBV gRNA and
sgRNAs. Ethidium bromide staining of 5 s rRNA was used as loading control.
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Koev, 2000).
Mutation of A (+2) to either G, C or T also decreased signiﬁcantly
accumulation of CP-sgRNA, indicating that CLBV does not strictly follow
the rule of other alpha-like viruses for transcription initiation.
Mutational analysis of the subgenomic promoter of BMV revealed that
mutation of the A+2 (in the negative strand) to G abolished the sgRNA
synthesis, whereas a change to C or U directed 37% or 66% of the wild-
type level of sgRNA synthesis, respectively (Adkins et al., 1998).
Phylogenetic analysis of the sequences surrounding the initiation sites
for positive-stranded gRNA and sgRNA synthesis in representative
members of the alphavirus-like superfamily revealed that the +1
and +2 positions are highly conserved as a pyrimidine-adenylate (in
the minus strand) (Adkins et al., 1998). Finally, deletion of one A from
the hexanucleotide ormutation of G+6 to either A, C, or T did not alter
CP-sgRNA accumulation, suggesting that these nucleotides are not
essential for RdRp recognition of the transcription start site.
The 5' border of the core CP-sgRNA promoter was mapped between
nucleotides−67 and−22 and the 3' border between nucleotides +50
and +8, relative to the transcription start site. Analysis with MFOLD of
this promoter sequence and variable ﬂanking regions did not show any
conserved secondary structure, suggesting that speciﬁc sequences rather
than structural motifs may be recognized by the CLBV RdRp. In a pre-
vious work, the consensus sequence AGA(N)2C(N)0–2G(N)5A(N)3–6A
present in the subgenomic core promoter ofmembers of the alphavirus-
like superfamilywas identiﬁed upstreamof theCLBVMP- andCP-sgRNAtranscription start sites (Siegel et al., 1997; Vives et al., 2002). In vitro
studies using 33 nt of the BMV sgRNA promoter revealed a sequence-
speciﬁc, secondary-structure independent, interactionbetween theBMV
RdRp and the promoter (Siegel et al., 1997). The importance of primary
structure in RdRp recognition for sgRNA synthesis has also been
suggested in several plant viruses (Gowda et al., 2001; Johnson et al.,
2003; Siegel et al., 1997; Wang et al., 1999).
The5'UTRof theCLBVCP-sgRNAhas284 nt, a size larger thanusual in
sgRNA UTRs of other plant viruses (Koev andMiller, 2000). Surprisingly,
increasing deletions in this region, between nucleotides +284 and+50
from the transcription start site, resulted in higher CP-sgRNA accumu-
lation compared to the wild type sequence. These results would be
consistent with a potential role of the deleted sequence in negative
regulation of CP-sgRNA synthesis. Evolutionary constraints could have
contributed to develop this inhibitory sequence to modulate CP-sgRNA
transcription. Competition for RdRp bindingmay have an important role
in variable expression of the different sgRNAs (Grdzelishvili et al., 2000;
Johnson et al., 2003; Wang and Simon, 1997). It is possible that the
relative abundanceof theproteins encodedbyCLBVmaybean important
factor in its life cycle. Over-expression of CP-sgRNA in the absence of this
inhibitory sequence in the CLBV genome could compromise MP-sgRNA
transcription and MP synthesis, thus jeopardizing cell-to-cell and long
distance movement during virus infection. Additionally, MP has been
identiﬁed as the CLBV silencing suppressor (Renovell et al.,manuscript in
preparation), and therefore, reduced expressionof this protein could also
prevent viral accumulation.
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Plant material and growth conditions
Nicotiana benthamiana was sown in small pots with an artiﬁcial
potting mix (50% vermiculite and 50% peat moss) and grown in a
plant growth chamber at 20/24 °C (night/day), 50% humidity, and a
16/8 h light/dark regime. Plants were fertilized using a 1/10 dilution
of the solution described by Arregui et al. (1982).
Mutant constructs
The full-length cDNA clones of CLBV isolate SRA-153, pBIN35SRbz-
CLBV (here named CLBV-IC) and 35SRbz-CLBV (here named CLBV-IC-
pUC), have been described previously (Vives et al., 2008). TheseTable 1
Primers used in this study.
Fragment synthesized Primer set Seq
MP1 KU34 AA
MP-Rstopc GT
MP2 MP-Fstopc TG
KU47 CT
MP3 KU34/KU47
CP1 CP-F CT
CP-Rstopc TC
CP2 CP-Fstopc TA
KU47
CP3 CP-F/KU47
pCP fCPFc CT
fCPRc GA
pM2 pCPAc GG
fCPRc
pM3 pCPBc GG
fCPRc
pM4 pCPCc GG
fCPRc
pM5 pCPDc GG
fCPRc
pM6 pCPEc GG
fCPRc
pM7 fCPFc GG
pCPA-Rc
pM9/pM13 fCP4c AT
fCP3c AT
pM10/pM14 fCP4c GT
fCP2c
pM11/pM15 fCP4c AT
fCP1c
pM12/pM16 fCP4c TT
fCP0c
pM17 mut1c TC
mut11c AG
pM18 mut2c TC
mut11c
pM19 mut3c TC
mut11c
pM20 mut4c TC
mut11c
pM21 mut5c TC
mut11c
pM22 mut6c TC
mut11c
pM23 mut7c TC
mut11c
pM24 mut8c TC
mut11c
pM25 mut9c TC
mut11c
pM26 mut10c TC
mut11c
a Sequences in italics correspond to restriction sites. Nucleotides in bold indicate introduc
conserved motif of the CP-sgRNA transcription start site.
b Nucleotide positions are indicated on the sequence of the CLBV isolate SRA-153 (EMBL
c Phosphorylated at the 5' end.clones contain the CLBV genome followed by the Hepatitis delta virus
ribozyme between the duplicated 35 S promoter of CaMV and the
nopaline synthase terminator (Nos-t) cloned in pBIN19 and pUC19
vectors, respectively. These plasmids were used to generate deletion
and substitution mutants by PCR with the oligonucleotides listed in
Table 1 and Pfu Turbo DNA Polymerase (Stratagene), followed by
standard cloning techniques. The mutant regions were conﬁrmed by
sequencing and then the corresponding full-genome clones in the
pBIN binary plasmid were agro-inoculated to N. benthamiana leaves
(see below) to analyze CLBV RNA accumulation.
Mutants M1 and M8, with a stop codon in the MP and the CP,
respectively, were produced to examine the requirement of both
proteins for viral RNA replication. M1 was obtained by substituting
nucleotides TGA for GAA at positions 6313–6315 in the CLBV gRNA to
introduce a stop codon in aa 118 of the MP. For this purpose, two DNAuence 5'–3'a Position (nt)b
CTGTATGGTTCCGATGC 6044–6062
GCGCATCTACCCCAGATCTGTTCATTTCCAG 6286–6254
GTAGATACTAGCAGAACTCGAGCCTGAACAG 6287–6319
TGATCCACAACTTATCGC 7752–7733
AGCAGAACTCGAGCCGAAACAG 6296–6319
TATATTAATTCAAATAAGTACTAACTATTTAC 7102–7069
GTGTACATCCATGTGAATCACCAATGATAATG 7103–7136
AGCAGAACTCGAGCCGAAACAG 6296–6319
AGAAGACCTCAGGGTCCACCTC 7282–7259
GCTCGAGACATGTTTAATGCATCTTCTTCCA 6629–6652
GCTCGAGTGGCAATTAAAGGGTTTGGACGCA 6719–6752
GCTCGAGGAAACCTCACCACGAGAAATCTCA 6764–6787
GCTCGAGTTAAGTCAGAGACGGCTTCACTGA 6809–6832
GCTCGAGGAAAAGAAGTCAAAGTGGAAGAGA 6831–6854
GCTCGAGTTTCAAATGCCTTCTTGGATTCTTCC 6628–6603
GAAAATCACCAATGATAATGCC 7115–7138
CTTTTAGATCATGCACAGTTTC 6999–6976
GCTTTAACCAACTGATGATC 6943–6922
TTTCTCAATCTATCATTACCC 6880–6858
CTTTTCAGTGAAGCCGTCTCTGACTTAAC 6838–6808
ACTAAAAAGAAGTCAAAGTGGAAGAG 6826–6853,
6825–6799CCGTCTCTGACTTAACATGAGACAC
ACTCAAAAGAAGTCAAAGTGGAAGAG 6826–6853
ACTTAAAAGAAGTCAAAGTGGAAGAG 6826–6853
ACTGGAAAGAAGTCAAAGTGGAAGAG 6826–6853
ACTGCAAAGAAGTCAAAGTGGAAGAG 6826–6853
ACTGTAAAGAAGTCAAAGTGGAAGAG 6826–6853
ACTGΔAAAGAAAGTCAAAGTGGAAGAG 6826–6853
ACTGAAAAAAAGTCAAAGTGGAAGAG 6826–6853
ACTGAAAACAAGTCAAAGTGGAAGAG 6826–6853
ACTGAAAATAAGTCAAAGTGGAAGAG 6826–6853
ed point mutations. Δ indicates deleted nucleotide. Underlined nucleotides represent a
accession number AJ318061).
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using primer pairs KU34/MP-Rstop and MP-Fstop/KU47, respectively
(Table 1). These fragments, with their 3' (MP1) and 5' (MP2) termini
phosphorylated, were gel puriﬁed and ligated to obtain fragment MP3
of 1.2 Kb that was PCR ampliﬁed with primers KU34/KU47. The MP3
fragment was gel puriﬁed, digested with XhoI and AgeI and cloned
within the plasmid CLBV-IC digested with the same enzymes. Mutant
M8, carrying a stop codon in the second aa of CP, was obtained by
substituting nucleotides TGA for AAA at positions 7118–7120 of the
CLBV gRNA, following the same strategy as for mutant M1, but using
primer pairs CP-F/CP-Rstop, CP-Fstop/KU47 and CP-F/KU47 (Table 1)
for PCR ampliﬁcation of fragments CP1, CP2 and CP3, respectively.
To map the boundaries of the CP-sgRNA promoter, the sequence
spanning nucleotides 6296 to 7282 of CLBV gRNA (between restriction
sites XhoI and Bsu36I), was PCR ampliﬁed from the CLBV-IC-pUC clone
using the primer pair fCPF/fCPR (Table 1). The 986-nt ampliﬁed
fragment, including the 3' half of MP and the 5' end of CP genes, was
cloned into the pUC19/SmaI vector (Fermentas) to yield the plasmid
pCP, that was used as template to generate three series of deletion
mutants. The ﬁrst series, aimed at mapping the 5' border of the
promoter, included mutants M2 through M7, harboring progressive
deletions from nucleotide−520 (from the transcription start site of the
CP-sgRNA) to nucleotides −202 (M2), −112 (M3), −67 (M4), −22
(M5) and +1 (M6), or between nucleotides −201 and −67 (M7). To
obtain mutants M2 through M6, fragments pM2, pM3, pM4, pM5, and
pM6 containing the above deletions were PCR ampliﬁed from plasmid
pCP using forward primers pCPA, pCPB, pCPC, pCPD, and pCPE,
respectively, with a XhoI site at their 5' end and the reverse primer
fCPR containing a Bsu36I site (Table 1). The ampliﬁed fragments were
digestedwithXhoI and Bsu36I and cloned into the plasmid CLBV-IC-pUC
digested with the same enzymes. To obtain the mutant M7 a fragment
spanning nucleotides −520 to −202 (pM7) was PCR ampliﬁed with
primers fCPF and pCPA-R, both containing an XhoI site (Table 1). After
digestion with this enzyme, the fragment was cloned into the plasmid
pM4 also digested with XhoI. For agro-inoculation, the clones pM2
through pM7 were digested with SﬁI to release the corresponding
expression cassette with the mutated CLBV sequence under the control
of the 35 S promoter, and then the excised fragments were subcloned
into the restricted binary vector pBIN19/SﬁI (Vives et al., 2008) to obtain
mutants M2 through M7.
The second serieswas generated tomap the 3' border of the promoter
and included mutants M9 through M12, carrying progressive deletions
fromnucleotide+284 (from the transcription start site of the CP-sgRNA)
to nucleotides +169 (M9), +113 (M10), +50 (M11), and +8 (M12).
For this purpose, the forward primer fCP4 and the reverse primers fCP3,
fCP2, fCP1, and fCP0 (Table 1) were used to PCR amplify the plasmid pCP
without each of the indicated deletion regions. The four PCR fragments
thus obtained (pM9, pM10, pM11, and pM12) were self-ligated and the
mutant CLBV sequences were released by XhoI and Bsu36I digestion and
cloned into the plasmid CLBV-IC-pUC digested with the same enzymes.
The four expression cassettes were then subcloned in the binary vector
pBIN19/SﬁI as described above to obtain the mutants M9 through M12.
The third series, aimed to map the minimal promoter, included
mutantsM13 throughM16with a constant 5' end atnucleotide−67 and
3' ends at nucleotides +169 (M13), +113 (M14), +50 (M15), and +8
(M16). These mutants were generated with the same strategy and
primers as mutants M9-M12, but using plasmid pM4 obtained
previously as template to PCR amplify fragments pM13 to pM16,
containing the indicated deletions downstream of the CP-sgRNA
transcription start site.
Finally, to assess the effect of changes in the conserved hexanucleo-
tide GAAAAG, present at the transcription start site of CP-sgRNA (Vives
et al., 2002), themutantsM17 throughM26, containing substitutions or
deletions of individual nucleotides, were generated by site directed
mutagenesis. To obtain these mutants, the plasmid pCP was PCR
ampliﬁed using the reverse primer mut11 and a set of adjacent forwardprimers containing the mutated nucleotide (mut1, mut2, mut3, mut4,
mut5, mut6, mut7, mut8, mut9, andmut10, respectively) (Table 1). The
steps followed to construct these mutants were the same as with
mutants M9-M12.
Agrobacterium-mediated inoculation of N. benthamiana plants and viral
RNA analyses
Agrobacterium tumefaciens cells, strain COR 308, carrying the
helper plasmid pCH32 (kindly provided by Dr. C. M. Hamilton, Cornell
Research Foundation), were transfected by electroporation
with ~5 ng of binary plasmid DNA using a Gene Pulser (Bio-Rad)
as previously described (Vives et al., 2008). In all experiments
N. benthamiana leaves were inﬁltrated with a mixture of two
A. tumefaciens cultures carrying (i) the CLBV-derived clones (CLBV-
IC ormutantsM1 throughM26), and (ii) the p19 gene of Tomato bushy
stunt virus (TBSV) (pBI-19, kindly provided by Dr. J. A. García, Centro
Nacional de Biotecnología, CNB-CSIC, Madrid) that encodes a strong
silencing suppressor protein (Voinnet et al., 1999).
Total RNA from agro-inoculated N. benthamiana plants was
extracted from 500 mg of leaf tissue using a standard protocol with
two phenol:chloroform:isoamyl alcohol extractions, followed by
ethanol precipitation with sodium acetate, and re-suspended in
25 μl of diethyl pyrocarbonate (DEPC)-treated distilled water (Ancillo
et al., 2007). RNA concentrations were measured in a NanoDropTM
spectrophotomer (Thermo).
CLBV infection was determined by northern blot analyses at 5, 7, 9,
12, 19 and 25 dpi in the agro-inﬁltrated leaves, or by RT-PCR and
northern blot analysis at 30 dpi in the upper non-agro-inﬁltrated
leaves (Vives et al., 2002, 2008). For northern blots, 3 μg of total RNA
was denatured at 94 °C for 5 min in 50% formamide, chilled on ice,
separated by electrophoresis in formamide-formaldehyde denaturing
1% agarose gels in MOPS buffer, and electroblotted onto positively
charged nylonmembranes (Roche) at 250 mA for 1 h and 1 A for 15 h,
using 25 mM phosphate buffer, pH 6.45. Membranes were hybridized
with digoxigenin-labeled (DIG)-riboprobes of both polarities speciﬁc
for the CLBV CP gene, washed and developed as reported previously
(Vives et al., 2002).
The RNA secondary structure of minimum energy was predicted
with the MFOLD program, version 3.2, at the MFOLD website http://
mfold.bioinfo.rpi.edu/cgi-bin/rna-form1.cgi (Mathews et al., 1999;
Zuker, 2003).
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